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Abstract: The simulation of centre-pivot performance has been the subject of research efforts since the 1960s. Pivot 
simulation models frequently use empirical equations relating pressure and sprinkler radial application pattern in 
the absence of wind. In such models, individual, stationary water application patterns are overlapped and the 
resulting water application is mapped in the field. As a consequence, water application only depends on the centre-
pivot radius. These models use constant pivot tower angular velocity, neglecting the effect of tower switches on the 
start-stop cycles controlling pivot alignment. In this work discontinuous pivot tower movement has been 
experimentally characterized and modelled. A detailed kinetic analysis of a four-tower commercial pivot was 
performed in all irrigation events of a crop season. Each tower was monitored using a high precision GNSS (model 
GS15 receiver Leica Geosystems AG, Heerbrugg, Switzerland), recording tower positioning at a high frequency. A 
post processing of the recorded data was performed to ensure positioning errors lower than 0.10 m. For different 
pivot travel speeds, the start-stop cycles of each pivot tower and the average lineal speed of each tower were 
characterized. The angles between pivot sections driving the start-stop alignment cycles were experimentally 
determined. Experimental determination of tower start-stop cycles at high pivot travel speeds requires recording 
the tower position at a minimum frequency of 1 s
-1
. Lower frequencies would result in relevant inaccuracies. The 
experimental determination of start/stop angles resulted in a high standard deviation for each tower, complicating 
the analysis. A chaotic movement model, characterized by random control angles (belonging to the observed 
statistical distribution) seems to be the most adequate modelling strategy. In further research, the comparison of 
observed and modelled water distribution patterns resulting from simulating continuous travel speed or start-stop 
cycles will be addressed. 
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1. INTRODUCTION 
Self-propelled sprinkler irrigation machines have experienced worldwide success because of their 
advantages relative to other irrigation systems such as: 1) high potential for uniform and efficient water 
applications; 2) high degree of automation; and 3) ability to apply water and nutrients over a wide range of 
soil, crop and topographic conditions (Evans and King, 2012). In the USA more than 47% of the irrigated 
land (10.5 M ha) uses center-pivots or linear-move sprinkler systems (USDA-NASS, 2009). In Brazil these 
systems occupy 20% of the irrigated area (0.85 M ha). In china the number of center pivots increases 
annually, with around 500 new center pivots since 2003 (Yan et al, 2010). In Spain, self-propelled sprinkler 
irrigation machines cover 8% of the total irrigated area (0.26 M ha) (MARM, 2011).  
Precision agricultural technologies, such variable-rate irrigation, fertilizer, seeding, and pest control 
capitalize recent research efforts on self-propeller sprinkler irrigation machines (Sadler et al., 2005; 
O´Shaughnessy and Evett, 2010). These developments are still in intense progress.  
Center pivot irrigation machines can be driven by two types of systems: hydraulic and electric. The 
hydraulic system maintains all towers in continuous motion, increasing and reducing its speed by the use of 
a master control valve which increases or decreases oil flow to the hydraulic motors. Because of its 
simplicity, the electric drive system is the most common. In these systems the outermost tower is the 
master unit, driving the rest of units in response to the angular displacement of the pipe section adjacent 
thereto. The intermittent movement of each tower is triggered by the alignment between its two adjacent 
pivot spans. Machine alignment is maintained by a mechanical linkage at each drive unit span joint. This  
operates a micro-switch which in turn starts and stops the electric motor.  
The movement of the outermost tower is governed by a percent timer, which controls the ratio 
between the irrigation system´s move time and the cycle time. The percent timer value also determines the 
amount of water that is applied. The operator selects the percent timer (or pivot travel speed) that is 
located in the central power control panel. At the 100 percent timer setting, the end tower moves 
continuously. At the 50% percent timer setting, the outer tower moves half time of the cycle time. The 
most common cycle time used is 60 seconds. 50% setting results in twice as much water application as 
100% setting. 
Irrigation and yield uniformity of center pivots depends on travel speed, system design, type of water 
applicator and operator management. The intermittent and non simultaneous movement of the towers can 
affect the water distribution pattern of the center pivot irrigation. Omary and Sumner (2001) analysed the 
effect of different machine travel speeds (percent timer) on the irrigation water distribution and developed 
a computer model. This model only accounts for the intermittent movement of the outermost tower 
considering a perfect alignment between all the towers (all the towers move and stop simultaneously). Yan 
et al. (2010) presented a center-pivot field experiment equipped with fixed spray plate sprinklers to 
investigate the radial and circular uniformity under two cycle times and settings of the percent timer.   
This paper focuses on the development of a computer model simulating the mechanical intermittent 
movement of the towers in a center pivot. A commercial pivot was monitored to analyse pivot towers 
movements and its control systems. Based on the measured data, a simulation model is proposed. Model 
simulation of the pivot towers movements has been validated with measured data. This research will be 
completed in the future by adding to the model the simulation of the water distribution pattern resulting 
from different emitters and environmental conditions, as well as the related agronomic responses.     
2. MATERIALS AND METHODS 
A field experiment was conducted at a commercial pivot irrigated farm located in the province of 
Huesca, Spain. The center pivot used in the experiment was a ValleyTM (manufactured by Valmont 
industries, Nebraska, US). It had four 50.11 m spans and an overhang of 24.9 m. The irrigated area was 17.5 
ha. The pivot was equipped with rotating spray plate sprinklers (RSPS). Pivot irrigation events were 
monitored during the 2012 irrigation season.  
The evolution in time of the four towers location was monitored using high precision GNSS (model GS15 
receiver Leica Geosystems AG, Heerbrugg, Switzerland) installed at the top of each tower. Post processing 
of the recorded data was performed to ensure that positioning errors were lower than 0.10 m. At the 
beginning of the irrigation season the GNSS units were programmed to record location every 5 seconds. 
After five irrigation events, the units were reprogrammed to record location every second. For each 
irrigation event and at the programmed frequency the coordinates of each pivot tower were obtained. 
From location data, a classification of the movement and stop cycles per irrigation event was performed. 
The time evolution of the travel lineal speed of each tower and the time evolution of the angle of each two 
adjacent spans were computed. The tower acceleration and deceleration times were also determined. For 
each tower and for different pivot timer settings, frequency analysis of movements and stops cycles times, 
tower travel speeds, the switching angles controlling the movement / stop of each tower were determined. 
The total number of monitored irrigation events was 60, configured under different timer settings. 
A simulation model of the pivot movement was proposed based on the analysis of the experimental 
data. The model simulates an electric driven pivot with individual electric motors powering the wheels of 
each tower. The maximum lineal speed of the outmost tower was as established by the manufacturer. The 
maximum lineal speed of the inner three towers was obtained from experimental data analysis. Empirical 
equations were obtained relating the maximum lineal speed of the inner towers to the maximum travel 
speed of the outmost tower.  
The threshold angle values controlling towers movement and stop will be calibrated with experimental 
data. For calibration purposes, four semi-circle (180º) irrigations with variable percent timer settings 
(100 %, 52 %, 42 % and 27.5 %) were used. The Monte Carlo method was used to optimize the variables 
controlling pivot tower movement.  
Comparison between measured and simulated pivot movement was performed in terms of total 
movement and stop time for each tower. Additionally, measured and simulated frequency analyses of the 
movement / stop cycles for each tower were graphically compared. 
3. RESULTS AND DISCUSSION 
The total number of monitored irrigation events was 60; some as a complete circle, some as partial 
circles and others as several rounds. The total number of complete pivot rounds was 63, applied at 
different timer settings: 100% (6 irrigation events), 62% (5 irrigation events), 52% (6 irrigation events), 42% 
(23 irrigation events), and some intermediate settings. A first result of the tower movement analysis is that 
for all the monitored irrigations the pivot has a 71 second cycle time, different for the most common 
commercial cycle time of 60 seconds.  
To analyse the repeatability of the pivot movement along the irrigation season, two irrigation events 
performed at the same timer setting (100%) at different dates (6-7 June and 27-28 June) were compared. 
For each of the pivot towers, Fig. 1 presents the frequency analysis of the movement cycle durations (left 
side figures) and the stop cycle durations (right figures) required to complete a semi-circle (180º) irrigation. 
Since tower 4 (the last tower) was continuously in movement, it is not presented. The comparison between 
irrigations indicates that the pivot movement is repeatable, differences are small. The variability of the 
movement cycles of tower 3 (T3 in Fig. 1 below, the adjacent tower to the outermost one) was a complete 
surprise, as compared to its stops cycle duration and to the other towers’ cycles. Apparently, the 
continuous movement of the outermost tower (T4) at the 100 percent timer setting pulled T3 movements’ 
cycles.   
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Fig. 1. Frequency analysis of the movement and stop cycle times of two semi-circle irrigations performed at a 100 % 
timer setting. For the first to the third pivot towers (T1 to T3, with T1 being the innermost tower), left figures present 
the movement cycles and right figures present the stop cycles. 
 
For different pivot timer settings and for each of the four towers, Fig. 2 presents the frequency analysis 
of the lineal travel speed determined during the movement cycles. In general, as the distance to the pivot 
point increases (form T1 to T4), the tower speed variability between different timer settings increases but 
the intra irrigation variability decreases. Tower 1 (T1), the tower adjacent to the pivot point, presents the 
largest variability inside the irrigation (ample histogram) and the lowest variability between pivot timer 
settings. The outermost tower (T4) shows the narrower histograms, and its intra irrigation variability grows 
as the timer setting decreases. We attribute the intra-irrigation variability of the towers’ travel speed to: 1) 
acceleration and deceleration; 2) traction between adjacent spans; and 3) different soil conditions (wheels 
skid). Short movement cycles and large number of movement cycles (to complete a semi-circle irrigation) 
are characteristic of low percent timer settings. Such cases are strongly affected by the three processes 
described above and show the widest histograms.  
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Fig. 2. Frequency analysis of the travel lineal speeds for the movement cycles of each pivot tower and for different 
percent timer settings (100, 77, 52, 42, 33 and 27.50 %). 
 
Fig. 3 presents the relationship between the tower travel speed and the travel speed of the outermost 
tower (T4), expressed as a per cent. As previously reported, the maximum travel speed of the outermost is 
provided by the manufacturer. In this case, T4 speed was 0.0375 m s-1. The largest difference in speed was 
obtained between T4 and its adjacent (T3), due to the difference in supported weight and to the traction 
and curvature supported by the inner towers. Differences in speed between T1, T2 and T3 are small 
(particularly between T1 and T2), and can be attributed to the same causes.  
 
Fig. 4. Experimental relationship between the travel speed of the 
inner towers (towers, 1 2 and 3) and that of the end tower 
expressed in percentage
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Fig. 3. Experimental per cent of tower travel speed to the travel speed of Tower 4. 
 
For different pivot timer settings Fig. 4 presents the frequency analysis of the switching angles 
controlling the movement (left figures) and stops (right figures) of towers 1, 2 and 3 (tower 4 was 
controlled by the operator by the timer setting). The measured angles controlling tower 1 movement/ stop, 
assuring the alignment between the pivot point, tower 1 and tower 2, showed an important error (upper 
Fig. 4). Since the large intra irrigation variability of angles controlling the tower 1 movement was not 
observed for tower 2 and 3, the error was attributed to the pivot point location measurement. The 
switching angles controlling movements of tower 2 and tower 3 presented a clear pattern with larger 
variability intra irrigation that between irrigation of different timer settings. The frequency analysis showed 
a normal distribution pattern with average values of 179.7º and 179.5º for movement control of tower 2 
and 3, respectively, and an average value of around 180.1 º for stop control of tower 2 and 3. Also, an 
average variability of 0.1 º was established. 
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Fig. 4. Switching angles controlling alignment of the spans in the movements (left) and stops (right) of towers T1, T2 
and T3. The characterization was performed for different percent timer settings (100, 77, 52, 42, 33 and 27.50 %).  
 
The proposed model simulates the mechanical movement of the pivot towers assuming the 
experimentally determined tower travel speeds (Fig. 3). Since the frequency analysis of these variables (Fig. 
2) showed relevant inter- and intra-irrigation variability, an acceleration and deceleration time was 
introduced in the model. The movement and stop of each tower was determined in the model by the timer 
setting for the outermost tower (T4) and by the switching angles for towers 2 and 3. As a first 
approximation, the measured switching angles (Fig.4) were used in the model to control movement of the 
inner towers. These angles showed larger intra- than inter-irrigation variability (resulting from different 
timer settings and replications). This behaviour has been introduced in the model through a random value 
for the switching angles. This value ranged between 0º and a maximum value. 
 
Table 1 presents measured and simulated movement / stop cycles for four semi-circle irrigation events 
performed at four timer settings. The reported variables include the movement and stop times, and the 
number of movements and stops for each tower. The following model variables: 1) the angles controlling 
movement and stop of the three inner towers; 2) the acceleration time (equal to deceleration time); and 3) 
the maximum variability of the switching angles, were optimized using the measured irrigation data 
presented in Table 1. 
 
 A Monte Carlo method was used to optimize the values of the model variables. The objective function 
was based on the minimization of two errors: 1) the number of movement and stop cycles for each tower; 
and 2) the tower travel speed frequency analysis. The Monte Carlo process provided values of 180.0º and 
179.6º as switching angles controlling the stop and movement, respectively. This optimized value was 
common to the three towers (T1, T2 and T3). The optimized values resulted very similar to those measured 
A value of 3 seconds was optimized for the acceleration / deceleration time, and a value of 0.07º was 
optimized for the maximum random angle variability.  
 
The four irrigation events presented in Table 1 were simulated using the optimized parameters. 
Simulated results are also presented in Table 1. The best simulation results were obtained for irrigations 
performed at 100 % and at 42% timer settings. 
The 42 % timer setting was the most common irrigation (26 irrigation events) in the analysed season. 
Fig. 5 presents a graphical comparison between measured and simulated frequency analysis of the tower 
travel speed, showing the potential of the developed model.  
 
Table 1. Measured and simulated movement and stop cycles (in time and number of events), for different per cent 
timer settings (100%, 52%, 42% and 27.5 %) and for each tower (T1, T2, T3 and T4). 
Timer 
Setting 
Tower 
Measured Simulated 
Movement 
Time (s) 
Stop 
Time (s) 
Number of 
Movements 
Number 
of Stops 
Movement 
Time (s) 
Stop 
Time (s) 
Number of 
Movements 
Number 
of Stops 
1
0
0
%
 
T1 5693 11064 440 440 5736 11040 496 496 
T2 10808 5749 574 579 11130 5653 489 489 
T3 15593 1089 127 127 15670 1110 146 146 
T4 16740  0 1  0  16780 0 1 0 
5
2
%
 
T1 5706 27186 458 457 5741 26520 490 490 
T2 11137 21732 681 682 11140 21120 563 563 
T3 16172 16659 476 471 15680 16580 529 529 
T4 17053 15742 460 459 16780 15480 455 454 
4
2
%
 
T1 5707 35927 470 470 5736 34240 518 518 
T2 11200 30425 709 709 11130 28850 675 675 
T3 16317 25375 581 581 15670 24300 644 644 
T4 17275 24372 580 580 16780 23200 564 563 
2
7
.5
%
 
T1 5773 60625 489 489 5742 55330 580 580 
T2 11499 54889 911 911 11130 49940 849 849 
T3 16801 49534 916 916 15680 45390 917 917 
T4 18236 48107 933 933 16780 44290 861 860 
 
To model irrigation water distribution in a center- pivot, the adequate simulation of the large stop cycle 
times (characteristics of low timer settings) and especially those of the outer towers are particularly 
important. The target function of the Monte Carlo method will be modified to give more weigh to this 
aspect. The frequency analysis of the towers travel speed showed that the histograms were not always 
normal, especially for low timer setting (Fig. 2), a better definition of the towers travel speed in relation 
with the timer setting will be also analysed to be included in the model.   
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Fig. 5. Comparison between measured and simulated frequency analyses of the movement (left figures) and stop 
(right figures) cycle times for each pivot tower. A semi-circle irrigation  
performed at a 42 % pivot travel speed was considered. 
 
4. CONCLUSSIONS 
 
The experimental characterization of the mechanical movement of pivot towers using a high precision 
GPS provided valuable information to develop a simulation model. A position sampling interval of 1 second 
was established required to guarantee sufficient accuracy in the characterization of tower movement. An 
important intra-irrigation variability of the variables controlling tower movements and stops was observed. 
This variability was modelled by introducing random variability for the switching angles. The range of 
variability was optimized. The proposed model successfully simulates the mechanical movement of the 
pivot towers. This research will be completed by analysing the effect of this mechanical movement on the 
water distribution pattern and crop yield for different sprinkler emitters, environmental conditions and 
management practices. 
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